Abstract-This paper reports an energy-efficient, impulse radio ultra wideband (IR-UWB) wireless link operating in 3-5 GHz for data telemetry over centimeter-to-meter range distances at rates extended to tens of Mbps. The link comprises an all-digital, integrated transmitter (TX) fabricated in 90 nm 1P/9M CMOS that incorporates a waveform-synthesis pulse generator and a timing generator for on-off-keying (OOK) pulse modulation and phase scrambling. The link also incorporates an energy-detection receiver ( Index Terms-Biotelemetry, impulse radio ultra wideband (IR-UWB) receiver, IR-UWB transmitter, UWB pulse generator, waveform synthesis, wireless link.
I. INTRODUCTION
A LTHOUGH microfabricated, multimodal microelectrode arrays have been developed for high-density, concurrent monitoring of action potentials and neurotransmitters from distributed brain areas [1] , state-of-the-art integrated neural interfaces still face severe limitations for high-density, wireless recording in either electrical or chemical paradigm. These limitations are primarily due to elevated data rates that are difficult to support within a limited power budget (e.g., low mW-range), especially via conventional wireless links. For example, in the 4-channel neural recording microsystem in [2] with a conventional frequency-shift-keyed (FSK) transmitter (TX) at MHz dissipating mW for a transmission range of 1 m, the serial output bit stream would have had a data rate of Mbps prior to any encoding, if the number of channels had been increased to 32. As another example, the wired HermesE device in [3] has an average data rate of 30 Mbps for 96 channels of broadband electrophysiological recording, requiring innovative solutions for simultaneous, multichannel, wireless operation.
To that end, Miranda et al. have developed HermesD, a low-power, high-rate, wireless transmission system, employing an FSK TX operating on an adjustable carrier frequency in 3.7-4.1 GHz [4] . The TX, made of commercial off-the-shelf (COTS) components, dissipates 30 mW, provides a data rate of 24 Mbps and enables simultaneous, 32-channel, wireless recording of broadband neural data with a coverage range of m. Further, Tan et al. have recently reported a 2.4-GHz, long-range, fully integrated transceiver, employing binary phase-shift-keying (BPSK) modulation in the TX with a data rate up to 8 Mbps and energy consumption as low as 460 pJ/b, enabling simultaneous, 8-channel, wireless neural recording with a coverage range of m [5] . To target even higher data rates than what can be achieved with conventional, narrowband communication schemes at the expense of a shorter transmission range (i.e., tens of centimeters to several meters), pulse-based and in particular impulse radio ultra wideband (IR-UWB) transmission techniques have recently garnered much attention for a wide range of wearable and implantable medical sensor applications [6] - [14] . Ghovanloo and colleagues have proposed pulse harmonic modulation (PHM), a new modulation technique for wideband, near-field data transmission across inductive telemetry links, reporting data rates of 5.2 [6] , 10.2 [7] and 20 Mbps [8] at 1-cm coil distance with an energy consumption as low as 180 pJ/b for the PHM TX.
Tang and Culurciello have reported a low-power, high-speed, UWB TX, achieving a data rate of 14 Mbps while dissipating 21 mW for transmission over 4 m, resulting in a TX energy consumption of 1.5 nJ/b [9] . This TX has also been utilized as part of a 16-channel, wireless, neural monitoring microdevice for use with awake rats [10] . Gao et al. have reported an integrated, UWB, wireless telemetry transceiver, featuring a scalable data rate up to 10 Mbps and TX energy consumption of 350 pJ/b for in vivo image transmission in wireless capsule endoscopy [11] .
Finally, Chae et al. have employed a 3-5-GHz UWB TX, comprising a simple pulse generator and pulse-shaping filter, as part of a 128-channel, wireless, neural recording system [12] . This design dissipates 1.6 mW with a maximum data rate of 90 Mbps and operates at a transmission range m. Abdelhalim et al. have also used a similar UWB TX design as part of a 64-channel, wireless, neural vector analyzer chip with a data rate up to 10 Mbps and energy consumption of 10 pJ/b for transmission over 5 cm [13] .
These approaches indeed have the potential to enable simultaneous transmission of broadband neural information on many data channels to an external receiver (RX) for further processing, obviating the need for any on-chip signal processing for online data compression. However, the existent designs still have either limited data rates or high energy dissipation and short transmission range for higher data rates.
In this paper, we present an energy-efficient, high-data-rate, IR-UWB wireless link comprising an integrated TX chip and a discrete RX realized with COTS components on a custom printed-circuit board (PCB). The all-digital IR-UWB TX fabricated in 90 nm 1P/9M CMOS operates from 1.2 V, occupies a core area of 0.061 mm and provides great flexibility in reconfiguring the UWB pulse waveform in the time domain (e.g., overall shape, amplitude, duration) as well as its power spectral density (PSD) in the frequency domain (e.g., center frequency, bandwidth, peak level) [15] .
Employing an UWB chip antenna for the TX and two different types of antennae for the RX, we demonstrate reliable wireless transmission of pseudo-random binary sequence (PRBS) data at rates up to 67 Mbps over centimeter-and meter-range distances with a TX energy consumption as low as 30 pJ/b for an overall power dissipation of 2 mW.
The paper is organized as follows. Sections II and III describe the TX and RX architectures, respectively. Section IV presents measured results from the IR-UWB TX as well as the entire wireless link, and Section V draws some conclusions from this work.
II. TRANSMITTER ARCHITECTURE Fig. 1(a) shows the schematic block diagram of the all-digital IR-UWB TX, incorporating a reconfigurable pulse generator and a timing generator for pulse modulation and phase scrambling [15] . The circuit is designed to directly generate FCC-compliant, UWB pulses in the time domain with no need for pulse upconversion using a mixer/local oscillator [16] , reducing power consumption and system complexity, or an offchip pulse-shaping filter [17] , reducing the number of external components and avoiding large attenuation of the pulse amplitude before delivery to the 50-UWB antenna.
The UWB pulse generator implements a waveform-synthesis technique [18] , [19] by employing ten identical taps, with each tap incorporating an impulse generator and an output driver. When the UWB pulse generator is triggered, these taps produce ten individual lobes with 4b digital control over their duration and amplitude that are then combined at a shared output node in a wired OR fashion to generate the UWB pulse.
The timing generator modulates the trigger signal of the UWB pulse generator, Trigger, allowing pulse modulation before pulse generation using a simple, low-power, digital modulator that runs at the low pulse repetition frequency. Although both on-off-keying (OOK) and pulse-position modulation (PPM) modes are supported by the TX, only OOK modulation is used for wireless transmission in this work. In the timing generator, OOK modulation is followed by pulse phase scrambling for suppressing the discrete spectral lines that would otherwise appear on the PSD. To that end, Trigger is randomly delayed by 4b scrambler code, , which is equal to half of the total delay of an impulse generator. Fig. 1 (b) depicts the circuit schematic of one individual tap of the TX. The impulse generator of the tap includes two identical delay cells with a shared 4b delay code, . The first delay cell is used to generate a positive impulse by combining an input rising edge with its delayed and inverted replica using an AND gate. The output driver of the tap uses this impulse along with a 4b amplitude code, , to control four binary-weighted nMOS transistors that drive the antenna. These nMOS transistors conduct within the duration of the impulse (equal to the delay of the first cell), pulling down the output node to create the negative peak of the lobe [solid portion in Fig. 1(b) ]. The second delay cell of the impulse generator provides equal time for an output resonator circuit to pull up the output node and create the positive peak of the lobe [dashed portion in Fig. 1(b) ]. The output resonator circuit comprises a pair of LC tanks tuned for a bandpass, wideband response around
GHz. Inductors are implemented with 25 m-diameter gold bonding wires, whereas a thin-film capacitor (SC00120912, Skyworks Solutions) implements . ( nH) resonates with the total capacitance of the combined output node ( pF), whereas ( nH) resonates with (1.2 pF). With a proper choice of the two bonding wire lengths, the resonator circuit is designed to achieve an UWB pulse with smooth temporal waveform and no significant pulse-tail ringing.
III. RECEIVER ARCHITECTURE
IR-UWB RXs can be broadly categorized into coherent [20] , [21] and non-coherent [22] - [24] groups. The RX employed in this work features a non-coherent architecture as shown in Fig. 2 . As stated previously, OOK modulation is used for wireless transmission in this work. Therefore, the RX will have a certain amount of energy present at its input for each data bit of "1" only. The received pulses at the RX input are first amplified by radio-frequency (RF) gain stages. Their energy is next detected and converted to a voltage by an RF detector, and the output data bit stream is then recovered using a high-speed comparator with an adaptive threshold voltage.
To reduce the TX power consumption, which necessitates enhanced RX sensitivity to detect weaker pulses, a nominal gain of dB is provided by a 2-stage cascade of low-noise amplifiers (LNAs; ADL5542, Analog Devices). Given the wide bandwidth of this LNA (50 MHz-6 GHz) and to remove out-of-band noise/interference, a bandpass filter (VBFZ-4000 , Mini-Circuits) is used prior to RF amplification, featuring a center frequency of 4 GHz, a passband insertion loss of dB and rejection of dB outside 2.5-5.7 GHz. RF detection is performed after filtering and amplification for data demodulation. RF detectors can be categorized into logarithmic and RMS power detectors. Logarithmic RF detectors generally feature much faster response time at the expense of higher power dissipation compared to their RMS counterparts. Hence, a logarithmic detector (AD8318, Analog Devices) is used in the RX. Operating in a frequency range of 1 MHz-8 GHz and with a typical response time of ns (much less than several s for RMS power detectors), AD8318 can enable data telemetry at much higher rates. Fig. 3 depicts the block diagram of the RF detector with several logarithmic amplifier stages, and Fig. 4 shows the measured output voltage of the RF detector versus its RF input power at 3.5 GHz for 3 values of . As can be seen, higher values of resulted in higher sensitivity at the expense of lower RF input dynamic range. We selected a value of in our design to achieve a maximum output voltage change of V for an RF input dynamic range of dB, allowing for variations in the received signal power arising from a change in the wireless transmission distance. Further, since the output voltage of the logarithmic RF detector depends on the received signal power, the comparator threshold voltage is automatically controlled by the RX in closed-loop fashion to account for changes in the received signal power (for each data bit of "1") arising from e.g., distance variations. Specifically, a passive lowpass filter (LPF) with cutoff frequency much lower than the target data rates extracts the dc level of the output data bit stream, which is then compared with a user-set reference voltage, . An error amplifier then adjusts the comparator threshold voltage until the dc level of the output data bit stream is set around . As will be shown experimentally in Section IV.C, this scheme allows the RX to successfully retrieve the data in the presence of transmission distance variations without any manual adjustments by the user.
IV. MEASUREMENT RESULTS
A prototype TX chip was fabricated in TSMC 90 nm 1P/9M CMOS measuring mm , including the bonding pads. A chip-on-board (COB) testing strategy was adopted to minimize the effect of parasitics on TX operation by eliminating any need for a package to house the chip.
The RX was implemented with COTS components on an FR-4 PCB and interfaced with two different types of antennae to characterize the wireless link performance for distinct applications. Fig. 5 shows a photograph of the experimental setup for wireless link characterization (with a RX horn antenna) and a die micrograph of the fabricated TX chip. 
A. IR-UWB TX
The top plots in Fig. 6 depict a 10-lobe, 447-, UWB pulse with a Gaussian envelope generated by the TX and its measured FCC-compliant PSD for a 50-MHz pulse train with phase scrambling enabled. The delay code, , was set to 5, resulting in a PSD center frequency of 4.1 GHz. The PSD bandwidth ( dB) was also measured to be 0.92 GHz. The bottom left plot depicts the same UWB pulse after reducing the number of lobes in the waveform by four (by setting the corresponding amplitude codes per tap to zero) and reducing the amplitude of the remaining six lobes to 200 mV . As can be seen in the bottom right plot, the resulting PSD widened and lowered, respectively, increasing its bandwidth by % to 1.45 GHz. Since the delay code, , was also increased from 5 to 9, the PSD center frequency also increased to 5.1 GHz. In both cases, note how pulse phase scrambling effectively suppressed the discrete spectral lines that would otherwise appear on the PSD at 50 MHz apart, limiting the maximum usable RF power or even violating the FCC indoor mask. Fig. 7 shows that the PSD center frequency could be varied from 3.4 to 5.6 GHz by setting the 4b delay code, , from 3 to 13. The impulse generator design ensured that an UWB pulse with PSD center frequency in 3-5 GHz could still be generated by a proper delay code, , in the worst-case scenario of % frequency deviation resulting from process variations. Fig. 8 shows the measured active energy consumption of the TX versus PSD center frequency and number of lobes. The en- ergy consumption decreased when fewer lobes were synthesized in the waveform. The energy consumption, which was mostly dominated by the current drawn from supply (1.2 V), also decreased with increasing PSD center frequency, primarily because there was less time for the output driver stage and resonator circuit to pull the output node down and up, respectively, resulting in smaller UWB pulse amplitude. The TX consumed 6.5 and 18.5 pJ/pulse for generating the 6-and 10-lobe UWB pulses of Fig. 6, respectively. 
B. TX and RX Antennae
Two types of antennae were used for the RX to characterize the wireless link performance in this work. Specifically, an UWB chip antenna (ANT1085, TDK) with an operation frequency range of 3.1-5.2 GHz and a typical gain of 2 dBi was initially used. Featuring a small foot-print of 10 8.5
1.2 mm , this type of antenna would ultimately enable developing a miniaturized, portable RX for wearable applications in which the RX should be carried by the subject. Using the same UWB chip antenna for the TX, the power loss from the TX antenna input port to the RX antenna output port was measured to be 28-45 dB over a distance of 10 cm-1 m.
Further, a horn antenna (WR229, Pasternack Enterprises) with an operation frequency range of 3.3-4.9 GHz and a typical gain of 15 dBi was also used for the RX, as shown in Fig. 5 . With dimensions of cm , this type of antenna would be suitable for applications such as brain-behavior studies involving laboratory animals in which the RX is stationary and placed in one corner of the experimental arena. Using the UWB chip antenna for the TX, the power loss was measured to be 27-43 dB over a distance of 50 cm-3 m, benefitting from the horn antenna's large, noise-free gain of 15 dBi and 3-dB width of in both E-and H-plane. Fig. 9 depicts the measured parameter of both the chip and horn antennae with reference to 50 within a frequency range of 2-6 GHz. As can be seen, in addition to providing higher gain and directionality compared to the chip antenna, the horn antenna also exhibited a much better matching to 50 within the TX frequency range of operation of 3-5 GHz. Fig. 10 depicts the IR-UWB wireless link operation at distances of 10 cm and 1 m, employing the chip antenna for the TX and RX. A clock signal of 200 MHz and 16b PRBS data were used to OOK-modulate the TX with 4 UWB pulses per each data bit of "1", effectively achieving a data rate of 50 Mbps. In each case, the top trace shows the 16b balanced PRBS data (i.e., with equal numbers of "1" and "0"), and the second trace shows the OOK-modulated IR-UWB TX output. The third trace shows the logarithmic RF detector output and the comparator threshold voltage (red line), and the bottom trace shows the wirelessly received PRBS data at RX output. Fig. 11 depicts similar results from the IR-UWB wireless link, employing the horn antenna for the RX. The all-digital TX was programmed to generate a 10-lobe UWB pulse waveform with PSD center frequency of 3.65 GHz (i.e., ), resulting in active energy consumption of 20 pJ/pulse in the TX (see Fig. 8 ). With a clock frequency of 200 MHz and dedicating 3 UWB pulses per each data bit of "1", -Mbps PRBS data (16b balanced stream) were transmitted over distances of 50 cm and 3 m with a TX energy consumption of 30 pJ/b for total power consumption of 2 mW. It is worth noting that increasing the transmission distance with fixed TX output power would naturally result in a decrease of the RF input power to the logarithmic RF detector, which in turn would result in an increase of its output voltage for data bits of "1" according to Fig. 4 . As seen in the third trace of both Figs. 10 and 11, the RX automatically adjusted the comparator threshold voltage by increasing it accordingly to still retrieve the PRBS data successfully without requiring any manual adjustments by the user. Fig. 12 shows the measured bit error rate (BER) of the IR-UWB wireless link, employing both the chip and horn antennae for the RX, versus distance in centimeter-to-meter range as well as data rate in the range of 40-85 Mbps. Targeting a BER of for reliable data telemetry, the miniature chip antenna enabled the link to easily operate at data rates as high as 40-50 Mbps over a distance of 10 cm to 1 m. Similarly, the horn antenna enabled the link to operate at data rates as high as 67 Mbps over a distance of 50 cm to 4 m.
C. IR-UWB Wireless Link
Any further increase in the data rate is currently limited by the response time of the COTS logarithmic RF detector ( ns) used in the RX. This limitation can be mitigated in the future by developing an integrated IR-UWB RX to decrease its response time. Further, for a given data rate, an integrated RX with faster response time could also afford dedicating fewer pulses to represent each data bit of "1", enhancing the wireless link energy efficiency per transmitted bit. Table I summarizes the measured performance of the wireless link and compares it with that in recent published works.
D. Wireless Transmission of Fast-Scan Cyclic Voltammetry
To verify the IR-UWB wireless link functionality in an experimental recording paradigm, the background current of a carbon-fiber microelectrode (CFM) was wirelessly recorded during an in vitro experiment in saline. A CFM is widely employed in real-time probing of brain neurochemical dynamics using fast-scan cyclic voltammetry (FSCV), an electrochemical transduction mechanism with exquisite spatial, temporal and chemical resolution [25] . Specifically, a previously developed neurochemical-sensing chip was used to apply the triangular FSCV waveform ( -1.3 V, 400 V/s, 10 Hz) to CFM and digitize the resulting background current (i.e., charging current) at 625 kHz using a 3rd-order, continuous-time, delta-sigma modulator (CT-) with single-bit quantization [26] . The serial data bit stream at the output was wirelessly transmitted over a distance of 1.5 m using a conventional FSK TX operating at MHz and dissipating 405 W from 2.5 V, which was integrated on the neurochemical-sensing chip, as well as the IR-UWB TX that was interfaced with the neurochemical-sensing chip, dissipating 18.75 W from 1.2 V. Fig. 13 depicts the wirelessly received CFM background current in one FSCV scan (i.e., ms) using the two wireless links, exhibiting excellent matching between the two results. The distinct peaks and troughs on the current waveform are due to the fact that chemical groups on the CFM surface also undergo oxidation-reduction (redox) reactions during the FSCV scans. By virtue of providing a much higher data rate than the integrated FSK TX, the IR-UWB wireless link presents an excellent, alternative solution for ultimately increasing the number of recording channels.
V. CONCLUSION
This paper reported an energy-efficient, OOK-IR-UWB wireless link, comprising an all-digital, integrated TX and an energy-detection RX realized with COTS components on an FR-4 PCB. The TX employed a waveform-synthesis pulse generator to create highly reconfigurable UWB pulses directly in the time domain with large spectral control in the frequency domain for FCC compliance, without a need for upconversion of baseband pulses or an external pulse-shaping filter.
Employing a miniaturized, UWB, chip antenna for the TX and RX, PRBS data at rates up to 50 Mbps were wirelessly and reliably transferred over 10 cm-1 m, verifying suitability for high-data-rate, short-range telemetry applications that require a portable transceiver. On the other hand, using a large, highperformance, horn antenna for the RX allowed reliable transfer of PRBS data at rates up to 67 Mbps over distances extended to several meters for longer-range telemetry applications in which the RX can remain stationary.
Currently limited by the response time of the COTS logarithmic RF detector used for data demodulation in the RX, our future work will focus on developing a fully integrated transceiver to achieve a faster response time, which not only would enable targeting higher data rates, but also would allow dedicating as few as one pulse to represent a data bit for greatly enhanced energy efficiency per transmitted bit in the wireless link. A fully integrated RX would also significantly reduce its power consumption as compared to that of a discrete implementation, addressing another limitation for true portability of the cm-range transceiver and greatly enhancing energy efficiency per received bit in the wireless link.
